107P/4015 Wilson-Harrington is one of the most intriguing objects, being known for having a cometary history as well as Near Earth Object characteristics, which could answer questions regarding both the origin of life and formation and evolution of small bodies. We rst briey summarize the knowledge state of this small body, leading to its actual classication. We then look at its main dynamical characteristics to prepare for a near future rendezvous and sampling mission, and we make comparisons between the target of the Rosetta mission, 67P/Churyumov-Gerasimenko, for which the spacecraft is carrying a lander, and the targets of Hayabusa and of the Hayabusa Follow-on Mission, Itokawa and 1999 JU3. Finally, we investigate the local stability properties in both proximity of the target and on the surface, and show simulations, to discuss approach strategies.
Introduction
In the early days of astronomy, the only way to distinguish between a comet and an asteroid in the sky was to verify if the object was a point or a blur area in the telescope. Because of this, the small body object Wilson-Harrington has both a comet and an asteroid denominations. It was rst observed as 1949 VA in 1949 by Albert G. Wilson and Robert G. Harrington at Palomar Observatory, having a small tail, and then identied by B. Marsden with no tail 1) . More recent observations suggest that Wilson-Harrington may be a dormant comet 2) . By sending a spacecraft to Wilson-Harrington, we may be able to understand better the transition and links between Near Earth Asteroids (NEA) and comets. Moreover, Wilson-Harrington being an undetermined C-type asteroid makes it a perfect target for providing data from unvisited targets.
For investigating samples in detail and obtaining precise information on the nature of this small body, a sample return mission to Wilson-Harrington may be drawn upon the recent Hayabusa mission 3) . Asteroid and comet bodies imply different surface characteristics, and thus, different sample return strategies, which can be critical to the success of a mission. The orbital and physical parameters also play an important role in the choice of a mission target. In the next sections, we discuss the rationales behind choosing Wilson-Harrington as the next small body missions, and make comparisons between 67P/Churyumov-Gerasimenko 4) , the target of the Rosetta mission launched by the European Space Agency (ESA), the target of the Hayabusa Follow-on mission, 1999 JU3, and Itokawa visited by Hayabusa in 2005. We also investigate the dynamics close to Wilson-Harrington and on the surface to provide the first assessment of this environment and to derive and discuss approach and proximity operation strategies useful for a sample return mission.
Wilson-Harrington

A comet or an asteroid?
Wilson-Harrington has both comet and asteroid classication as ground-based observations have reported data on both 107P/Wilson-Harrington and 4015 Wilson-Harrington 2,5−9) . The confusion comes from the fact that 107P/Wilson-Harrington had a faint tail observed in 1949 5) although none has been observed since then.
In Osip et al. 2) , the rotational period and brightness variation of Wilson-Harrington observed were reported to t well with small asteroids of the Main Belt Asteroids (MBA) or Near Earth Asteroids (NEAs) instead of other known cometary objects. This information was also conrmed by Weissman et al. 10) . In addition, no CN signature could be measured near this object 6) , which is common and easy to observed in comets' coma. Furthermore, from ground-based charged couple device (CCD) imaging, the color indices of 107P/WilsonHarrington were reported to be different from other similar cometary objects, being slightly bluer at red wavelengths observations 7, 9, 11) . It is difficult to nd a good reference for the taxonomy of this body. Campins et al. have observed solar infrared color for Wilson-Harrington, which agree with C-type asteroids 12) . However, visible spectra shows a large variation 11) . Hence, there is still a large uncertainty on the object properties, as the density may be between 0.6 g/cm 3 for comets family and about 1.7 g/cm 3 for the most upper range C-type asteroids 13, 14) . In his work, Ferrin discusses properties of extinct and dormant . He defines an asteroidal belt comet class that fits these particular cases, which gives a density of 1 g/cm 3 for such objects. The question regarding C and D type bodies within the NEA and MBA as being intruders or indigenous objects is still of current interest, of course. At the same time, the transition between comets and asteroids is still to be fully understood and explained. Wilson-Harrington can provide answers regarding both taxonomy and comet-asteroid transition history; by going to Wilson-Harrington, we can directly investigate the distinct features of this target, as well as identify transition links between asteroids and comets in terms of structure and composition.
Rationales for exploration
In order to send a spacecraft to small bodies, many parameters need to be favorable, especially the ΔV required to reach the target. Ideally, it is easiest to send a spacecraft to an Earth-like body so that the minimum ΔV is required. In terms of comet science, the problem becomes fairly complex due to the outgassing nature of these objects. If touchdown and sampling are foreseen, which is the most accurate and direct study method for planetary bodies, it is much safer to go to dormant comets, like Wilson-Harrington, instead of active ones. If the comet is active, unknown hot spots would put the spacecraft at high risks. In fact, in order to achieve the minimum level of risk, the spacecraft would need to meet the cometary target beyond the solar system snow line, around 4 or 5 AU. The current ESA mission Rosetta with the Philae lander going to 67P/Churyumov-Gerasimenko has implemented this approach 4) . However, going as far as 5 AU requires a larger propulsion system, increasing mass, cost, and complexity. In addition, as the mothership continues to follow the target coming back toward the Sun, there is always a chance of outbursts from the cometary nuclei which could severely damage the spacecraft. In this case, Wilson-Harrington has an important advantage and is one of the most interesting body to reach as the rendezvous can be as close as 1 AU 3) . Hence, the risks of sudden outbursts are eliminated and bringing back fragments and samples become a feasible and reachable objective.
Dynamics near Wilson-Harrington
Physical and dynamical parameters
Analyzing the dynamics of Wilson-Harrington is important in order to understand its unique environment. From lightcurve measurements, Wilson-Harrington can be modeled as an ellipsoid with the longest axis of 2.2 km, and the intermediate axes of 1.8 km 2) .Wilson-Harrington takes slightly more than 6 hours to make a full rotation. Its gravitational attraction is near 10 −4 m/s 2 . This preliminary model for Wilson-Harrington is useful in providing the rst order approximation for the proximity operations. Some of the physical and dynamical parameters of Wilson-Harrington are shown in Table 1 , along with some derived asteroid orbiter parameters 15) . The distance where the gravitational and centripetal accelerations cancel in the target rotating frame, also referred to as geosynchronous orbit or resonance, is reported to be near 3.0 km from the target's center of mass. The escape velocity of Wilson-Harrington is about 135 cm/s (V esc ) assuming a 1 g/cm 3 density 13) . Note that 25% error should be included. If the density of Wilson-Harrington was found to be 2 g/cm 3 like S-type asteroids, the escape velocity would be about 50% more. These parameters can be used to better prepare for approach and operations, and mitigate risks in a future small body mission concept, described next. Table 1 also provides comparisons between current targets of interest: 67P/Churyumov -Gerasimenko, target of Rosetta, Wilson-Harrington and 1999 JU3 which are both targets of the Hayabusa Follow-on missions, and Itokawa, target of the Hayabusa mission. The rendezvous (RV) distance indicates the distance from the Sun at the spacecraft rendezvous, whereas d lander indicates the distance at which a surface probe or lander is deployed.
Dynamical analysis
Using the asteroid orbiter equations of motion, one can solve for equilibrium points, and investigate their stability. The asteroid orbiter problem is illustrated on Fig. 1 . For the current study, the equations of motion stated in the target rotating frame are useful for hovering in proximity of the surface. They were rst presented in Scheeres (2000) 15) , and are restated here for convenience
and
where r = [x,y,z] is the position vector of the orbiter in the asteroid frame, ω is the asteroid spin rate, U is the potential, and g accounts for some perturbations such as the solar radiation pressure which is usually 2 orders of magnitude less in proximity of the target. Note that the asteroid is modeled as an ellipsoid, hence U represents the ellipsoid potential using Carlson's integral of the rst and third kind, integrating well the current asteroid size from observation data 16) . It is possible to look at the stability of equilibria by investigating the second order derivatives of the asteroid potential.
The system also has a Jacobi integral, stated as
where C is the Jacobi integral constant, V is the modified potential
and T is the kinetic energy with respect to the asteroid rotating frame, Studying the zero-velocity curves, i.e. investigating C under T = 0, gives insights into the dynamics of a spacecraft as well as dynamics of particles that may be ejected around the asteroid, from impact or simple touchdown. Figure 2 shows the zero-velocity curves for Wilson-Harrington as well as the location and stability of its equilibrium solutions in the target frame. Note that starred points are unstable.
Wilson-Harrington has in fact all four equilibrium points being unstable, which may have an important influence on synchronous orbits close to the asteroid. Figure 3 shows the fate of a particle, or spacecraft, in the vicinity of an equilibrium point. In this case, even with a small relative perturbation, the test particle shown re-impacts Wilson-Harrington on the opposite side, taking almost 26 hours. Hence, the spacecraft may not be able to use the stability of these regions for hovering, but it is unlikely to encounter any suspended dust grains, reducing impact hazards.
Since Wilson-Harrington is three orders of magnitude more massive than Itokawa, hovering, descent rehearsals, and deploying landers cannot be achieved in exactly the same manner as what was done for Itokawa by Hayabusa 17) , which came below 100 m altitude to deploy target markers and the small rover MINERVA. For such operations, taking into consideration perturbations from the environment, we can calculate that the spacecraft would have used about 7 or 8 kg of fuel for the entire maneuver. In the case of Wilson-Harrington, making such an approach may take up to 25 kg of fuel 18) . On the other hand, deploying too far from the target involves having to equip the lander with very sophisticated navigation and landing systems, taking up more mass. As a comparison, the Rosetta lander Philae plans to descend to the surface of 67P/Churyumov-Gerasimenko from a 3-5 km altitude 19) . In order to achieve this, autonomous navigation is required to recognize the target from an initial mapping, identify safe landing zone, and control the descent for the lander to reach the required location in the proper lander conguration.
For Wilson-Harrington, in a strategy to reduce the payload mass as much as possible, simulations have shown that deploying between 100 and 200 m from the surface may be a good compromise. As shown in Fig. 4 , the landing area may be as big as 120 m x 120 m in size depending on the mothership accuracy, although it could still be as low as 60 m x 60 m in size under the best conditions. In this figure, the black and grey areas represent landing areas from a 500 m and a 200 m deployment altitude, respectively, in the frame of the rotating asteroid, with a 5 cm/s release speed. 
Surface Science and Dynamics
In order to achieve a sample return mission, the surface properties and surface dynamics also become very important. Since Wilson-Harrington is believed to be a dormant comet, we can expect to retrieve some of the common features found on comets such as fresh small craters, spikes-like surface features, but even dusty layer covering the target, as described by the Stardust and Deep Impact teams regarding comets wild 2 and Tempel 1, respectively (as a start, see Brownlee et al., 2004 20) ; Thomas et al., 2007 21) ). As a comparison, the Rosetta mission to arrive at 67P/Churyumov-Gerasimenko was designed for a surface with a mix of exposed ice, gas-rich cavities, boulders, etc 19) . Although Wilson-Harrington has been inactive for the past ve decades at least, and the surface may have started to accumulate dusty regolith from ejecta reaccumulation due to meteoroid impacts, we would still expect to see comet-like surface features.
In terms of surface dynamics, investigating surface equilibria with surface dynamical tools derived by Guibout and Scheeres 22) indicate that stable regions are at the tip of the longest axis. These stable and unstable regions will most likely influence the distribution of material on the surface, influencing the choice of landing sites and sampling methodologies. Figure 5 shows simulations of moving particles near the tip of the longest and intermediate axes, along the equator. Trajectory 1 clearly indicates the tendency of loose objects to stay within the stable boundary tip of the target, which is endorsed by trajectory 5 showing how a particle may be relocated from the unstable region along the intermediate axis. Similar behavior are found when simulating landing particles at mid-latitude regions (trajectories 2, 3, 4, and 5); all of the test cases end up descending toward the equatorial regions. Note that the initial conditions for all simulation cases are similar to target markers (TM) and small rover deployment conditions of the Hayabusa mission to Itokawa 17) . To compare with Itokawa, in this case, the gravitationally low areas are located at the high latitude regions due to its longer spin period being slightly more than 12 hours. However, since the spin axis of Wilson-Harrington is currently unknown, we can only discuss on opportunities and difficulties of different landing and sampling scenarios. From simulations above, we may be able to predict where lander(s) relocate under small disturbances, which may be useful to take into account for the landing strategy as well as justify the choice of sampling device. Knowing that for this somewhat slow rotator, particles could tend to accumulate on the equator, and with the uncertain surface features that a dormant comet may show, a sampling device designed for powdery to gravel regolith targets may still have rationales to be suitable for the equatorial region. On the other hand, polar regions may tend to show a monolithic surface or less accumulated with regolith grains. Therefore, taking samples in such exposed area may be more precious than where surface grains accumulate, although difficult to reach due to the natural dynamics. In such a case, the sampling device still needs to be suitable for both such monolithic bedrocks and rubble pile like targets such as the Hayabusa's impact sampling system 23, 24) .
Conclusion
The cometary nature of this Near Earth Asteroid, 107P/4015 Wilson-Harrington, makes it one of the most logical choice among the next small body exploration opportunities to learn about small body evolution, unvisited taxonomy type, and origins of life. In this paper, we discussed the rationales for choosing Wilson-Harrington as the next target within the small body missions; it is an ideal target because of its dormant comet nature, but also because the rendezvous can happen as close as about 1 AU form the Sun. The dynamical properties of Wilson-Harrington were analyzed to provide constraints for close approach, landing and sampling strategy, and to compare with the target of the on-going ESA Rosetta mission, comet 67P/Churyumov-Gerasimenko, and the target of the Hayabusa mission, Itokawa. The next observations campaign between 2009 and 2010 will give a more precise confirmation on Wilson-Harrington properties, allowing refinement of the scientific questions, dynamics and proximity operations.
